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Abstract
Spinel structured ferrites exhibit remarkable properties and phenomena, which are
attractive for application in sensors and actuators, magneto-electronics, and electrochemical
energy storage devices. Among spinel ferrites, cobalt ferrite CoFe2O4 (CFO) has attracted
remarkable attention and widely studied because of their electro-magnetic properties, chemical
stability and mechanical hardness. The properties and phenomena of CFO ceramics are
dependent on microstructure and chemistry, which in turn depend on the synthesis processes and
conditions employed for fabrication. Generally exact chemical composition, processing
temperature, reactive or processing atmosphere (if any) and the ions that substitute Fe3+/Fe2+ ions
dictate the structure and properties of a Co ferrite. Our recent approach demonstrated that doping
with different rare-earth (RE) ions is a straightforward and versatile way to tune the structure and
physical properties. However, technological challenges that limit the commercialization of these
ceramics are: (1) fabrication with density values equal or approaching to theoretical density, (2)
quantitative understanding of the RE ion induced effects, and (3) identifying dopants to enhance
the resistivity and temperature stability while retaining the magnetrostrictive ferrite phase, the
most important condition to design stress sensors and actuators for automotive and power
generation systems.
In this work, Gadolinium (Gd) incorporated cobalt ferrites (CoFe2-xGdxO4, referred to
CFGO) with variable Gd content (x=0.0-0.4) were synthesized by solid state ceramic method.
Al/CFGO/Al capacitors were fabricated and tested under a wide range of frequency (f=20 Hz – 1
MHz) and temperature (T=30-900 °C). The CFGO ceramics exhibit lattice expansion due to
larger Gd-ions. Frequency dependent dielectric measurements at room temperature obey the
modified Debye model. The frequency and temperature dependent dielectric constant analyses
indicate that pure CFO exhibits two dielectric relaxations in the frequency range of 1-10 kHz
while Gd substituted CFO compositions exhibit only single relaxation at 1 kHz. Dielectric
constant of CFGO ceramics is enhanced compared to pure CoFe2O4 due to the lattice distortion
vi

upon Gd incorporation. The tan δ (loss tangent) - T data reveals the typical behavior of relaxation
loses. Activation energy of the dielectric relaxation calculated employing Arrhenius equation
varies from 0.564 to 0.668 (±0.003) eV with increasing x values from 0.0 to 0.4. Thermally
activated small polaron hopping mechanism is evident in temperature dependent electrical
properties of CFGO. A two-layer heterogeneous model consisting of moderately conducting
grain interior (ferrite-phase) regions separated by insulating grain boundaries (resistive-phase)
accurately account for the observed temperature and frequency dependent electrical properties in
CFGO ceramics. The results demonstrate that Gd incorporation promotes temperature tolerance,
resistivity and performance of CFO to the high end as desired for several industrial applications.
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Chapter 1: Introduction
Ferrites constitute an important group of materials, which exhibit diverse properties and
phenomena that are useful for a wide range of scientific and technological applications. Ferrites
find application in various ﬁelds such as electronics, electro-mechanics, magnetics, magnetoelectronics, electrochemical science and technology, and biotechnology [1, 2]. Spinel structured
ferrite materials exhibit remarkable properties which are attractive for sensor and transducer
applications. High saturation magnetization, large permeability at high frequency, and
remarkably high electrical resistivity are some of the key features that facilitate the integration of
these materials into solid state electronics and magneto-electronics [3]. Recently, ferrite
materials were also considered to be the potential materials for electrode application in Li-ion
batteries and solid oxide fuel cells [4]. The structure, electrical and dielectric properties of
ferrites play a key role in designing the magnetic, electronic, electro-mechanical, microwave and
electrochemical devices. However, the properties and phenomena of ferrite compounds are
dependent on microstructure and chemistry, which in turn depend on the synthesis processes and
conditions employed for fabrication [4, 5]. Generally exact chemical composition, ﬁring
temperature (if any), reactive or processing atmosphere and the ions that substitute Fe3+/Fe2+ ions
dictate the electrical properties of a ferrite at room temperature [6]. The impetus for the present
work is to study the effect of Gadolinium (Gd) incorporation on the structure, electrical and
dielectric properties of Cobalt ferrite. The obvious goal of the work is to examine whether the
dielectric constant of these materials can be enhanced compared to pure Co ferrite while
retaining their insulating nature. The remainder of the chapter covers the general material
characteristics, various types, and other aspects of ferrites which will be useful in order to
understand scope and significance of the present thesis work.
1

1.1

INTRODUCTION TO FERRITES
Ferrites represents special branch of ferri-magnetics where Fe2O3 or Fe3O4 are the

principal components. The general chemical formula of ferrites can be represented as MFe2O4
where M is a divalent metal ion such as Mn2+, Co2+, Ni2+, Cu2+, Mg2+ or Cd2+. Typically ferrite is
magnetite (Fe3O4) and from the very ancient time it is well known as magnetic oxide. The first
commercial development of the material dates back to mid 1930s to early 1940s by Sonek [7].
Ferrites are very important from both fundamental and applied perspective. Ferrites exhibit very
high resistivity, which varies from 102 to 1010 ohm-cm which is about 15 times higher than that
of iron (Fe) [8]. Densities of ferrites are a little over 5 g/cm3. Their curie temperatures range
from ~300 to 600 oC, and saturation magnetization (Ms) from about 100 to 500 emu/cm3 (100–
500 kA/m) [9]. This remarkable property of ‘ferrite family’ makes themselves highly
demandable for high frequency communication systems. In addition to the desired properties,
lower price, greater heat resistance and higher corrosion resistance are other features offered by
these materials. However, with the technological advances their applications and demands have
been increasing day by day [6, 10].
Recently, spinel ferrites have caught the attention of the research community because of
diverse structural configurations tunable with dopants and their moderns applications in highdensity information storage systems, ferro-fluid technology, magneto-caloric refrigeration,
magneto caloric diagnostics, sensors and actuators [11]. Among spinel ferrites, cobalt ferrite
CoFe2O4 (referred to CFO hereafter) has attracted remarkable attention because of their large
magneto-crystalline anisotropy, high coercivity, moderate saturation magnetization, large
magnetostrictive coefficient, chemical stability and mechanical hardness [11, 12]. Recently
attention is paid towards nano-particles of CFO for use as a photo magnetic material, which will
be able to show light induced coercivity change [13].
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1.2

SPINEL FERRITE
The general formula of spinel ferrite is MFe2O4 where M refers divalent metallic ion such

as Co2+, Mg2+, Ni2+ etc. The name is "spinel" is derived because of its similarity to the mineral
spinel, MgOAl2O3, which is face centered cubic structured material [9, 14].
There are eight formula units, or a total of 8 x 7 = 56 ions, per unit cell of a spinel ferrite.
The large oxygen ions with ionic radius ~1.3 Å are packed quite close together in a face-centered
cubic arrangement. And the much smaller metal ions (ionic radii from ~0.7 to 0.8 Å) occupy the
spaces between them [9]. The spaces can be divided into two types: one is called a tetrahedral (or
A) site and the other is known as an octahedral (or B) site. The general spinel ferrite structure is
shown in Fig. 1 taking CoFe2O4 as a representative. A site is called tetrahedral because it is
located at the center of a tetrahedron whose corners are occupied by oxygen ions (Fig. 1.1b).
And in the octahedral site oxygen ions around it occupy the corners of an octahedron (Fig. 1.1c)
[9]. There are 8 A-sites in which the metal cations are tetrahedrally coordinated with oxygen.
And 16 B-sites which occupy octahedral coordination [14].
If the A-sites are occupied by M2+ cations and the B-sites are occupied by Fe3+ cations
then this type of spinel ferrites are called normal spinel. If the A-sites are totally occupied by
Fe3+ cations and the B-sites are arbitrarily filled by M2+ and Fe3+ cations, then this structure can
be called as

inverse spinel. Spinel ferrites exhibit ferromagnetic ordering.

The magnetic

moments of cations in the A and B-sites are aligned parallel to each other. Between these sites
the arrangement is anti-parallel and, because there are two fold B-sites than A-sites, there is a net
moment of spins which yields ferrimagnetic ordering for the crystal [14]. So, the allocation and
the selection of metal cation of ions between the A and B-sites can tune magnetic system [15].
In some ferrites, the allocation of the divalent ions between A and B sites can be altered
by heat treatment which may depends, for example, on whether the material is quenched from a
high temperature or slowly cooled. Ferrites can be prepared with two or more different kinds of
divalent ion, e.g. (Ni, Zn) Fe2O4. This type of ferrites are called a mixed ferrites. Most of the
cubic ferrites used commercially are mixed ferrites [9].
3

Neel [16] explained the magnetic properties of ferrites. He suggested that the magnetic
moments of ferrites are a sum of magnetic moments of individual sub-lattices. The exchange
interaction between the electrons of ions in these two sub-lattices show different value. Generally
the magnetic ions interaction between the sub-lattices A and B (A–B interaction) is the strongest.
In case of inverse ferrites half of the Fe3+ is allocated in A-sites and another half in B-sites. Their
magnetic moments are mutually compensated. And the magnetic moments of bivalent cations
M2+ (metal ions) in the B-positions causes the resulting moment of the ferrite (Fig. 1.2).
In fundamental science magnetic nano-particles of spinel ferrites are of great interest,
particularly to describe the basic relationships between magnetic properties and their crystal
chemistry and structure [14]. The high electrical resistivity and the outstanding magnetic
properties make the spinel ferrites (i.e. Ni-Zn ferrites) excellent core materials for power
transformer in electronic and telecommunication applications. Magnetic spinels can have good
chemical stability, mechanical hardness and high coercivity which makes themselves excellent
candidates for nonvolatile memory device applications based on their resistive switching
performance [17].
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Figure 1.1: Crystal structure of a cubic spinel ferrite [6].

Figure 1.2: Cation distribution in inverted spinel ferrite.
Some important and common ferrites are discussed below.
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1.2.1 Manganese ferrite
Manganese ferrite, MnFe2O4 (MFO), is 80% normal spinel ferrite. This is greatly used in
microwave and magnetic recording applications because of its high impedance and low core loss.
Recently MFO is used in cancer detection technology [18].
MFO normally crystallizes into a mixed phase. It consists of both the normal and inverse
spinel structures. The chemical formula is usually represented by (Mn1-δFeδ)[Fe1-δMnδ]O4. Here δ
is known as inversion parameter. The round and square brackets signifies that the cations
occupying the A and B sites, respectively. The inversion parameter δ can reach up to 67%
depending on the material preparation. But the most frequently observed δ is 20%. MFO is a
ferri-magnetic material. Its dominant interaction is anti-ferromagnetic between the magnetic ions
at A and B sites. Even though the interactions among cations of B-site are also assumed antiferromagnetic, but it is much weaker. But strong A-B anti-ferromagnetic interactions would lead
to parallel magnetic order among B-site cations which eventually helps to optimize the system’s
energy [18].
1.2.2 Nickel ferrite
Nickel ferrite NiFe2O4 (NFO) exhibits completely inverse spinel structure. It is a soft
magnetic n-type semiconducting materials. It has been reported that the physical and electronic
properties can be dramatically changed when the particle size of NFO reduces to 10 nm [19].
Nickel ferrites have been vastly investigated because of their high electromagnetic
performance, excellent chemical stability and mechanical hardness, high coercivity, and
moderate saturation magnetization. These properties makes NFO a good competitor for soft
magnets and low loss materials at high frequencies applications [19].
1.2.3 Copper ferrite
Copper ferrite, CuFe2O4, has cubic close pack arrangement where Cu2+ and Fe3+ ions
occupy tetrahedral and octahedral crystallographic sites. As a result, local symmetries of the two
sites are different. The cation distribution of this type of spinel is represented as (CuδFe1-δ)A[Cu16

δFeδ]BO4.

A and B represents tetrahedral and octahedral crystallographic sites respectively. The

term δ is the inversion parameter and δ=0 and 1 denotes the inverse and normal cases,
respectively [20]. CuFeO4 is dominant over other types of magnetic materials due to their high
electrical resistivity and resultant low eddy current losses over a wide range of frequency. It is
one of the most important ferrites for gas sensing purpose. It has the ability to crystallize in
tetragonal spinel with space group I41/amd. This tetragonal crystal type can be considered as a
tetragonal distorted spinel structure which has non-standard face-centered space group F41/ddm.
It is ferri-magnetic in both crystal systems because of its anti-parallel alignment of the magnetic
moments of A and B sub-lattices [21].
1.2.4 Zinc ferrite
ZnFe2O4 is a potential functional material with a tunable physical properties. It has
normal spinel structure with Zn2+ ions occupying A sites and Fe3+ ion occupying B site. ZnFe2O4
is a normal n-type semiconductor material with a smaller band gap value (1.9 eV). As a result it
can be used in visible light photo-catalytic applications. ZnFe2O4 ferrite is considered as a
potential solar energy conversion material because of its ability to absorb visible light from the
solar spectrum. They are also used in spintronics, high frequency

and magneto optical

application [22].
1.2.5 Cobalt ferrite
Cobalt ferrite (CoFe2O4) is one of the most important and abundant magnetic materials
which exhibit a partially inverse spinel structure. CoFe2O4 (CFO) is a conventional magnetic
material which has a Curie temperature (Tc) about 793K and is well known to have large
magnetic anisotropy, moderate saturation magnetization, remarkable chemical stability and a
mechanical hardness. These properties makes CFO a good candidate for the recording media.
Cobalt Ferrite ultra-ﬁne powders [23] and films [24] have attracted considerable attention for
their wide range of technological applications such as electrochemical, optoelectronic, magnetic,
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transformer cores, recording heads, antenna rods, memory, ferroﬂuids, biomedical application,
sensors, etc [25, 26].
1.3

MOTIVATION AND SCOPE OF THE PRESENT WORK
The impetus for the present work is to study the effect of Gadolinium (Gd) incorporation

on the structure, electrical and dielectric properties of Co ferrite. The obvious goal of the work is
to examine whether the dielectric constant of these materials can be enhanced compared to pure
Co ferrite while retaining their insulating nature. Among many possible ways of engineering the
advanced functional materials based on ferrites, doping with different rare-earth (RE) ions is a
well-known straightforward and versatile way to tune their desirable structure and physical
properties [27]. Depending on the ionic size and concentration, incorporation of RE-ions in
spinel ferrites results in an improved dielectric constant, increase in resistivity and a decrease in
dielectric and magnetic losses [28]. The ionic size of Gd3+ ions (0.938 Å) is larger than that of
cobalt ions (0.735Å) and iron ions (0.645Å). Therefore doping the parent spinel cobalt ferrite
with Gd3+ ions is expected to induce structural disorder and lattice strain, which will have
profound influence on the electrical conduction and dielectric properties of the resulting
compounds. The significance of the work presented in this thesis on CFGO compounds is
twofold. Understanding the effect of Gd-substitution in a wide range of composition (x=0.0-0.2)
is the first. The existing reports focus on the lower end of Gd-content (x=0.0-0.2) and some
results reported on structural data of CFGO compounds is not in agreement with each other.
Deriving a comprehensive understanding of the structure-property relationship is the second. A
specific attention is focused towards understanding the electrical conduction and dielectric
properties of CFGO compounds in detail. While attention paid towards the electrical properties
of CFGO compounds is meager, the detailed results and analysis presented and discussed in this
paper demonstrate that Gd-substitution has a strong influence on the electrical properties of
cobalt ferrite. Furthermore, through the frequency and temperature dependent electrical
characterization, a model has been proposed to accurately account for the electrical conduction,
8

dielectric properties and impedance formalism of the CFGO compounds. It is shown that twolayer heterogeneous system, where the semiconducting ferrite grains are separated by insulating
grain boundaries, accounts for the observed electrical, dielectric and impedance properties.
Therefore, the results of the work presented in this paper are expected to substantially contribute
towards understanding the effect of rare-earth ion substitution in cobalt ferrites and associated
effects on the electrical properties as a function of applied frequency and temperature.
1.4

RESEARCH OBJECTIVES
The purpose of the present work is to study the effect of Gadolinium (Gd) incorporation

on the structure, electrical and dielectric properties of Co ferrite. The obvious goal of the work is
to examine whether the dielectric properties, which are most detrimental to employ these
materials in energy storage and mechanical sensor applications, of CFO can be enhanced by Gd
incorporation while further improving or retaining their insulating nature.
The specific research objectives of this thesis work are:
1. Synthesize Gd incorporated cobalt ferrite (CFGO) ceramics with variable Gd content.
2. Microstructure analysis of the CFGO ceramics as a function of Gd incorporation.
3. Evaluate the frequency (f=20 Hz - 1 MHz) and temperature (T=300–973 K) dependent
dielectric properties of CFGO compounds.
4. Understand the mechanisms responsible for the dielectric behavior, dielectric relaxation
properties, ac electrical conduction and loss factor associated with CFGO ceramics.
5. Propose a model to account for electrical responses and derive a correlation between
structure, dielectric and ac electrical conduction properties of CFGO ceramics.

9

Chapter 2: Literature Review
Over the last decade, magnetostrictive materials for smart sensors have attracted a great
interest because of their wide range of applications in the automotive industry. Substituted
and/or cobalt ferrites are promising materials for

applications especially for stress and

noncontact torque sensors [29]. These ceramics are the focus of extensive research mainly due to
the following three reasons [30]:


The industrial-scale preparation must be founded on the laboratory research. It is
important to illuminate the conditions that determine the formation of some series of
products showing high magnetostriction coefficients especially for cobalt ferrites and
substituted cobalt ferrite composites. A detailed analysis is needed for the
microstructure and the anisotropy induced during preparation or post-processing, the
cation migration from tetrahedral to octahedral positions, the conduction mechanisms
and related to these, the catalytic properties. The study of the distribution of nano and
micro-particles coercitivity, their interaction and the magnetization processes
modeling yet has no coherent and congruent solution.

 The extension of industrial technology from the laboratory scale infers special
problems of applied research. Magnetostriction properties of the cobalt ferrites found
in laboratory indicates the potentiality of their successful application in practice in
several directions. They could be used as magnetic cores and force, pressure or
torsion sensors, their nano-powders could be used as catalysts or gas sensors in
medicine, and thin layers could be used in nano and microelectronics.
 From the point of view of competition level, the industrial application of materials is
a complex field. The new sensors have to compete with the existing ones those are
10

already in the market. For this reason the new product must be cheaper and better to
substitute the old and existing ones.

The previous studies have shown that substituted cobalt ferrites are excellent candidates
for stress sensors due to a large magnetomechanical effect and high sensitivity to stress [29, 30].
Some extraordinary quality such as intrinsic robustness, high negative magnetostriction and
ability to function at higher frequencies by minimizing the eddy current losses make cobalt
ferrite (CFO) a suitable and an economical material for developing oxide based magnetostrictive
materials. The magnetoelastic behaviour of cobalt ferrite could be utilized in stress sensing
applications in turn could be applied in automobiles. The fuel efﬁciency could be enhanced by
nearly 5% [31]. In order to enhance the stress sensitivity, efforts has been made by the
researchers for the enhancement of the mechanical robustness and reduction the magneto
mechanical hysteresis at high temperatures by metal substitutions [31].
Chunhua Yan et. al [32]

investigated magnetic properties of Y or Gd containing

CoFe2O4 nano-crystalline ﬁlms. The crystal size was 65 nm which were synthesized by sol-gel
method. It has been found that Y3+ barely enter into the spinel lattice of cobalt ferrite whereas
Gd3+ showed good results for x<0.3 even though it has a larger radius. The result showed that
proper amount of Gd3+ ion doping can enlarge saturation magnetization (Ms) and coercive force
(Hc).
Cheng Xiang et. al [33] investigated micro-structural, magnetic, and magneto-optical
properties of Co–RE ( RE=Ho, Er, Tm, Yb, Lu ) ferrite nanocrystalline films. The fabricated CoRE ferrites showed pure spinel structure with a small amount of increment in cell constants at the
doping content x

0.2. For x = 0.1, all the RE doped ferrites reveal anisotropy contribution by a

single ion origin expect Lu3+ ion and coercive force are reduced for the samples with x

0.2 due

to lattice distortion. RE doping results monotonous decrease in magnetization and Curie
temperature. Among the RE ions Er and Tm ions increase the MO rotations.
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Cheng et. al [34] mentioned that the coercive force of cobalt ferrite increase with
magnetic Gd3+ , Tb3+ or Dy3+ ion. This could be because of the single ion anisotropy of the
magnetic ions. The doping also increases the coercive force of cobalt ferrite to about 2.0 kOe.
The remanence ratio also slightly increases.
Kahn et. al [35] reported that with Gd3+ or Dy3+ ions blocking temperature and coercivity
increases dramatically. "The introduction of only 4% of Gd3+ ions increases the blocking
temperature ~100 K and the coercivity 60%".
Panda et. al [36] mentioned that intrusion of rare earth ions in cobalt ferrite spinel
structure reduces the grain size and alter saturation magnetization and coercivity. Careful
substitution of Gd or Pr atoms in CFO in the range of 800-900 °C improve magnetic
characteristics.
Zhou et. al [27] suggested in their work that both magnetism and magneto-optical Kerr
effect can be mediated. La3+,Tb3+,Y3+ and Yb3+ ions were considered in their work. It has been
mentioned that the trend of both MS and HC of Co-RE ferrite ﬁlms is similar to that of Bohr
magneton across the series of rare-earth ions. "The position of Kerr rotation peaks occurred a red
shift and their intensities increased".
Lijun Zhao et. al [37] investigated the effect of substitution Fe3+ ions by Nd3+ ions on
structure, magnetic properties of cobalt ferrite nanocrystals. The coercivity value increased with
the Nd3+ doped content. It has been reported that the crystallite sizes of pure cobalt ferrite
powders is 10.3 nm and achieved values of Ms=53.4 emu/g and Hc=172.0 Oe. However, for
CoFe1.8Nd0.2O4 composition, crystallite sizes of 10.0 nm achieved desirable values of Ms=28.0
emu/g and Hc=488.6 Oe.
Tahar et. al [38] investigated magnetic properties of highly crystalline CoFe1.9RE0.1O4
ferrite nano-particles (where RE = La, Ce, Nd, Sm, Eu, Gd, Tb, and Ho) synthesized by forced
hydrolysis in polyol. It has been reported that all the particles are super paramagnetic at room
temperature. The substitution of Fe3+ ions by RE3+ causes reduction in the blocking temperature.
This is mainly due to partial cation insertion of the relatively large RE3+ ions among the spinel12

like sub lattices of CoFe2O4. The low temperature saturation magnetization (Ms) and coercivity
(Hc) appear to be greatly affected by the nature of RE3+ ions and maxima values were found for
Gd3+ and Eu3+ respectively.
Kumar et. al [39] investigated micro-structural properties of gadolinium doped cobalt
ferrite. They mentioned that Gd3+ being larger in size prefers octahedral site. It has been reported
that he lattice parameter increases up to a concentration of x = 0.15 and after that the
lattice parameter starts decreasing. Particle size also decreases with Gd3+ doping.
Peng et. al [28] investigated magnetic properties of gadolinium doped CoFe2O4 nano
particles. There is a gradual decrease in saturation magnetization with an increase in dopant
amount from 0.05 to 0.20. This may be due to the increase in particle size of the gadoliniumdoped cobalt ferrite nano-powders. It has been reported that spins are canted on the surface due
to the lack of balance exchanged interactions for the magnetic ions on the surface of ultraﬁne
particles. As a result the surface of cobalt ferrite nanoparticles seems to have a non-magnetic or
spin glass type layer. It has been also mentioned that with the increase in particle size proportion
of total non-magnetic layer also decreases.
Erum Pervaiz et al. [40] investigated structural, electrical and magnetic studies of Gd3+
doped cobalt ferrite nanoparticles. It has been mentioned that permittivity and tangent loss (tan δ)
decreases with the introduction of Gd3+ in pure cobalt ferrite spinel structure and have values of
12.4 and 0.0160 at 5 MHz respectively. It has been also reported that magnetization (Ms)
decreases with increase in Gd3+ concentration from 63 emu/gm to 27.26 emu/gm. As a result the
material becomes low loss dielectric, highly resistive and soft magnetic.
Georgiana Dascalu et. al [41] studied the inﬂuence of the Fe3+ ions substitution by three
rare earth element ions (Dy3+, La3+, and Gd3+) on cobalt ferrite thin ﬁlms. The samples were
deposited by Nd:YAG laser (λ = 532 nm, 10 ns) at various substrate temperatures ranging from
room temperature to 600 °C. It has been reported that the existence of elements with a large ionic
radii did not lead to the formation of residual phases as compared to bulk material where the RE
orthoferrite structure was detected. The distribution of the constituent ions on the surface of the
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samples reported uniform and the value of the (FeDy)/Co was in good agreement with the
stoichiometric one of 2:1.
Ramana et al. [26] investigated microstructure and dielectric properties of hafnium
incorporated cobalt ferrite. It has been stated that Hafnium incorporation induces lattice
expansion. The lattice constant increased from 8.374 Å for pure CoFe2O4 to 8.391 Å for Hf
concentration in the range of x = 0.0–0.2. Hafnium incorporation in CoFe2−xHfxO4 ceramics
enhanced dielectric constant compared to pure CoFe2O4 due to the lattice distortion.
Dascalu et. al [42] investigated structural, electric and magnetic properties of
CoFe1.8RE0.2O4 (RE = Dy, Gd, La) bulk materials. The RE doped compositions presented an
increase in density and a decrease in porosity. Their density values were lower than pure cobalt
ferrite. It has been reported that with the introduction of RE ions the saturation magnetization
decreased and the coercive field increased. The maximum magnetostriction coefﬁcients (λmax) of
the substituted cobalt ferrite showed a decrease up to 13% from its stoichiometric value.
The significance of the work presented in this paper on CFGO compounds is twofold.
Understanding the effect of Gd-substitution in a wide range of composition (x=0.0-0.2) is the
first. The existing reports focus on the lower end of Gd-content (x=0.0-0.2) and some results
reported on structural data of CFGO compounds is not in agreement with each other. Deriving a
comprehensive understanding of the structure-property relationship is the second. A specific
attention is focused towards understanding the electrical conduction and dielectric properties of
CFGO compounds in detail. While attention paid towards the electrical properties of CFGO
compounds is meager, the detailed results and analysis presented and discussed in this paper
demonstrate that Gd-substitution has a strong influence on the electrical properties of cobalt
ferrite. Through the frequency and temperature dependent electrical characterization of CFGO
materials, it is shown that two-layer heterogeneous system, where the semiconducting ferrite
grains are separated by insulating grain boundaries, accounts for the observed electrical
properties. Therefore, the results of the work presented in this thesis are expected to substantially
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contribute towards understanding the effect of rare-earth ion substitution in cobalt ferrites and
associated effects on the electrical properties as a function of applied frequency and temperature.
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Chapter 3: Materials and Methods
3.1

SOLID STATE REACTION METHOD
For the current work solid state reaction method was used. The CFGO polycrystalline

compounds were prepared from 99.99% pure CoO, Fe2O3, and Gd2O3 by the solid state reaction
method. Powders of the starting materials were ground in a agate mortar and pestle for 2 h in a
ethanol medium and the mixtures were heat treated in air at 1200 C for 12 h employing
controllable furnace with a ramp rate of 10°C/min for both heating and cooling. Figure 3.1 shows
the synthesis route of solid state reaction method.
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Figure 3.1: The synthesis route of solid state reaction method.
3.2

CRYSTAL STRUCTURE AND PHASE ANALYSIS - X-RAY DIFFRACTION (XRD)
The structural characterization of the samples was performed employing a Bruker D8

Advanced X-Ray Diffractometer (XRD) (see Fig. 3.2). The crystal structure, lattice constant,
unit cell volume and phases were determined by XRD analysis.
The XRD measurement is based on Bragg's law of diffraction. Two parallel beam of Xrays strike into the sample which diffracts into from the sample and captured by the detector. The
inter-planar atomic distance (d-spacing) is calculated by the following equation:
……………………………………………... (3.1)
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Figure 3.2: Bruker D8 advanced X-ray diffractometer.

Figure 3.3: Braggs Diffraction Law Diagram [43].
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where

is the wavelength of incident X-rays, d is the inter-planar spacing, and

represents

Bragg’s angle. The X-ray was produced by a copper target was CuKα radiation with a
wavelength of =1.54056 Å. In this work all measurements were made in the 2 range from 200
to 800 with an increment of 0.050. The employed scan rate was 5 degree per minute.
3.3

MORPHOLOGY - SCANNING ELECTRON MICROSCOPY (SEM)
A scanning electron microscopy (SEM) is method of producing image by scanning the

sample surface with a focused beam of electrons generally weakly bonded electrons called
secondary electrons (SE). The SE's interact with the atoms of the samples to produce signals
which contain topographical and compositional information of the sample. Generally tungsten
filament, or else a LaB6 or Schottky emitter, or a tungsten field-emission tip can be used as a
source of electron in SEM [44]. The schematics of a scanning electron microscopy principle is
shown in Fig. 3.4:
As the electromagnetic field affects the low energy secondary electrons the sample must
be properly attached to a conductive copper tape strip or a coating of graphite to avoid charge
build up on the sample surface. There could be two or three lenses above the specimen to focus
the beam which are generally called condenser lenses. The incident beam in the SEM has a
typical diameter of 10nm but the diameter can be made as smaller as 1nm with the help of a
field-emission source [44]. The electron beam energy can be employed in a range from 0.5 KeV
to 40 KeV. For the present work we used 18 KeV. "The electron probe of an SEM is scanned
horizontally across the specimen in two perpendicular (x and y) directions". The x-scan is
relatively fast and the y-scan is much slower. The scanning procedure is known as raster
scanning. The SEM (model: Hitachi S-4800) available at UTEP is shown in Fig. 3.5.
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Figure 3.4: Schematics of a scanning electron microscopy principle [44].

Figure 3.5: The SEM (model: Hitachi S-4800).
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3.4

ELECTRICAL MEASUREMENTS
For dielectric measurements, the surfaces of the samples were well polished, rubbed with

silver paste as the electrode for the electrical measurements and then heated in a furnace at 93 °C
for 2 hr in order to get the best performance. Pellets in the form of discs were placed between
two flat, parallel silver foils (electrodes). A signal of 1 V and frequency in the range of 20 Hz – 1
MHz was applied to the circuit using HP precision LCR meter. In addition, before each
measurement a standard calibration was performed to remove, any stray capacitance, lead, and
contact resistance. Room temperature capacitance, resistance, impedance and dielectric loss were
recorded as a function of frequency in the range of 20Hz-1MHz. The whole sample assembly
then placed in a furnace attached with the temperature controller. The real part (ε')

and

imaginary part (ε") of dielectric constant and AC resistivity (ρac) of the samples as a function of
temperature were calculated from the capacitance and resistance measurements made on a LCR
meter. Along with capacitance measurements, the corresponding loss tangent(tanδ) was also
simultaneously recorded.
The dielectric constant, loss, the ac resistivity and conductivity were determined using the
following formulas:







.....................................................................................................................

(3.2)

..............................................................................................................................

(3.3)

.............................................................................................................................

(3.4)

................................................................................................................................. (3.5)

where Cp is the capacitance in picofarads, t is the thickness of the sample (cm), A is the cross
sectional area of the sample (cm2), tan is the dissipated energy loss,  is the imaginary part of
the dielectric constant (loss factor),  is the real part of the imaginary constant, R is the
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resistance in Ohms,

is the resistivity (Ohmcm),

values were attained using an HP 4284A LCR meter.
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is the conductivity (1/Ohmcm). These

Chapter 4: Results and Discussion
The focus of this work is to characterize the crystal structure, physical properties,
morphology, dielectric properties, frequency dependent electrical conduction and impedance
formalism of CFGO ceramics under a wide temperature range and to establish a structureproperty correlation. For this purpose, CFGO ceramics were synthesized with variable Gd
content and studied their structural, electrical, dielectric and impedance properties. The results
obtained are presented and discussed below in the following sequence. The crystal structure,
phase analysis, and density evaluation is made based on the XRD results and their analyses. In
addition, the results are compared with theoretical calculations wherever it is possible and
appropriate. The chemical composition and homogeneity of CFGO ceramics is examined
considering the EDS data and elemental mapping. Subsequently, the focus is on SEM data to
discuss the significant effect of Gd on the grain structure and morphology. Then the dielectric
and ac electrical conduction properties of CFGO ceramics are considered. The results will pave
the way to the heterogeneous two-layer model, which accurately accounts for the experimental
observations and/or data. Finally, the impedance formalism of CFGO ceramics at various
temperatures is considered to further confirm the validity of the model. An attempt is made to
establish a correlation between Gd-content, microstructure, dielectric properties and impedance
formalism which can provide a road-map to design the materials for specific applications.
4.1

CRYSTAL STRUCTURE AND LATTICE PARAMETER
X-ray diffraction (XRD) patterns of intrinsic CFO and Gd-substituted CFO (CFGO) are

shown in Fig. 4.1. XRD data indicate that the CFO and CFGO crystallizes in the inverse spinel
phase which suggests that Gd ions incorporated retain the structure of intrinsic CFO. However,
as indexed in Fig. 4.1, the peaks due to secondary phase (GdFeO3) emerge with increasing Gd
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concentration, especially for x=0.2-0.4. While formation of RFeO3 as a minor component of the
system for R-ion doped ferrites, in the present case, the Gd-induced secondary phase formation
emerges only at higher Gd content. The lattice constant determined from XRD for pure CFO is
8.373 Å, which agrees with that of pure CoFe2O4 reported in the literature [11]. It is noted that
CFGO compounds exhibit lattice expansion, which is dependent on the Gd content. It is obvious
that when some of Fe3+ ions are substituted by Gd3+ions, the lattice is subjected to distortion
resulting in an increase or decrease in the lattice parameter. The lattice parameter increase or
decrease or a reasonable compromise is due to the net result of two effects. Having large ionic
radius than Fe3+ (0.645Å), Gd3+ (0.938Å) incorporation into the structure induces distortion
leading to the increased lattice parameter. On other hand, if some of Gd3+ ions did not substitute
for Fe in the cubic structure but formed another distorted or secondary phase [28, 39, 41]. The
major effect of Gd-substitution in CFO is, thus, lattice expansion due to the larger ionic radius.
The trend of lattice expansion or contraction with progressive Gd content is, however, not very
clear in the literature. For instance, Kumar et al. [39] reported lattice constant enhancement from
8.319Å to 8.332 Å in Gd substituted CFO (CoFe2-xGdxO4), where Gd content was varied from
5% to 20% (x=0.05-0.20). On the other hand Peng et al. [28] reported a lattice parameter
contraction from 8.360 Å to 8.323 Å for Gd substituted CFO (CoFe2-xGdxO4) for a similar range
of Gd composition (x=0.00-0.25). However, the effect of Gd incorporation is evident from XRD
analyses of CFGO materials in this work; CFGO exhibit lattice parameter enhancement from
8.373 Å (x=0.0) to 8.422 Å (x=0.4) due to the larger ionic radius of Gd3+ compared to Fe3+. The
lattice constant (a), unit cell volume (V), and effective density (ρeff) were calculated from XRD
data. Theoretical density (ρth) was also calculated from mass and sample dimensions. The
following equations were employed:
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(4.1)
(4.2)
(4.3)
(4.4)

where M is the molecular weight, N is the Avogadro number, n is the number of formula units
per unit cell, m is the mass, r is the radius and h is the thickness of the pellet. The density
variation of CFGO compounds with Gd context (x) is shown in Fig. 4.2. It is evident that ρxrd
increases with increasing Gd content (x). The two important general remarks that can be derived
from density variation of CFGO compounds are as follows. Effective incorporation of Gd into
CFO and completeness of the sintering process to the best possible extent is the first. Later is the
density increase with Gd concentration. This can attributed to the fact that the density and atomic
weight of Gd3+ are 7.90 g/cm3 and 157.25, which are greater than those of Fe3+ (7.874, 55.845).
However, on the other hand, it can be noted that there is a difference theoretical density and
XRD density (Table 4.1) of the CFGO compounds which might be because of the small
percentage of pores and/or atomic scale defects, which cannot be avoided in ceramics fabricated
by high temperature solid state ceramic processes.
The effect of Gd-substitution on the unit cell volume is also remarkable as noted from
Table 4.1. Unit volume cell is completely dependent on lattice constant. It can be seen from
Table that the lattice constant is not linearly increasing with Gd content. The lattice parameter
increase or decrease or a reasonable compromise is due to the net result of two effects. Having
large ionic radius than Fe3+ (0.645Å), Gd3+ (0.938Å) incorporation into the structure induces
distortion leading to the increased lattice parameter. On other hand, if some of Gd3+ ions did not
substitute for Fe in the cubic structure but formed another distorted or secondary phase. For
initial concentration (<0.2), seems Gd is fully substitute for Fe. Such competing factors become
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dominant at the critical concentration and some of the Gd ions start forming secondary phase at
0.2-0.3 while most of them are still substituting for Fe.

Figure 4.1: XRD patterns of the CoFe2-xGdxO4 ferrites as a function of x. The plot indicate that
pure and Gd substituted CFO compounds crystallize in inverse spinel structure.
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Figure 4.2: Variation of the density of CFGO compounds with Gd content (x). The density
values were determined from XRD. It is evident that the density increases with
progressive increase in Gd content in the compounds.

Figure 4.3: Variation of the theoretical density of CFGO compounds with Gd content (x).
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Table 4.1:

4.2

Lattice constant, Unit cell volume, Density and porosity of CoFe2-xGdxO4 (CFGO)
composition.

Amount of

Lattice

Unit Cell

Density

Theoretical

Dopant, x

Constant, a

Volume, V

Dx (g/cm3)

Density D

(Å)

(Å3)

0

8.373

587.006

5.309

4.115

0.10

8.397

592.069

5.492

4.152

0.20

8.385

589.534

5.744

4.185

0.30

8.394

591.435

5.955

4.207

0.40

8.422

597.373

6.119

4.236

(g/cm3)

MORPHOLOGY AND CHEMICAL QUALITY
The SEM images of intrinsic CFO and Gd substituted CFO are shown in Fig. 4.4. Gd-

incorporation induced changes in the morphology of ceramics is evident in the SEM images. The
SEM image of pure CFO sample indicates a morphology characterizing pore free particles with
uniform distribution. Such behavior is the characteristic of CFO prepared by solid state reaction
and high temperature sintering. The most remarkable effect of Gd substitution is the smooth
morphology. While lower concentration (10%) is not effective, Gd concentration of 30% and
higher clearly induces the changes as shown in Fig. 4.4. It appears that upon Gd substitution
grains are coalesced to form uniform and smooth surfaces.
Microstructure variation of Gd-incorporated cobalt ferrite (CFGO) compounds compared
to pure cobalt ferrite (CFO) is due to the significant difference in ionic radius of Gd compared to
those metal ions in pure CFO. A more detailed explanation is as follows. Ionic radius of Gd3+ is
0.938 Å, which is higher than that of Fe3+ (0.645 Å) or Co (0.65 Å). Therefore, doping of Gd3+
with higher ionic radius is believed to suppress the formation of larger nuclei during the
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crystallization process in CFO. As a result of this physical process, grain size reduction occurs.
Gd incorporation, thus, leads to the grain size reduction, which also facilitates smooth joining of
the grains and interconnected network of the grains. The effect is more pronounced with
increasing Gd contents as seen clearly in scanning electron microscopy (SEM) images.
Another scenario is based on the competing processes at sintering of the CFGO ceramics.
While larger ionic radius of Gd still is the contributing factor, the associated effect is of physiochemical in nature. Accordingly, during CFGO compound formation and material sintering, Gd
ions having larger radius compared any other ions in CFO will enter into the lattice partially, the
remaining will diffuse to the grain boundaries and form an isolating thin layer around the grains.
The Gd ions entered into the lattice create stress in the crystal and those accumulated to the grain
boundaries as a thin layer will act as a ‘kinetic barrier for further grain displacement and joining
together.’ In other words, the segregation process of Gd ions to the grain boundary impedes the
displacement of grain boundary and thus inhibit grain growth. This process results in quite small
grains, which can be well connected leading to reduced pores, and results in a smoother
microstructure as is evident in SEM images of CFGO compounds. We believe that these physical
and physio-chemical effects are responsible for the microstructure in CFGO compounds. Based
on the investigations of various rare-earth (R) ions, Rezlescu et al. have attributed the grain size
reduction and microstructure variations in Ni-Zn ferrites for certain type of R-ions to the higher
ionic radius of the R-ion [45]. It has been reported that addition of Pr3+ ions to Ni-Zn ferrite
results in the formation of grain side reduction leading to microstructure [46]. Such differences
in microstructure evolution due to ionic radius differences and grain-growth inhabitation was
also noted in various other ceramics [47, 48]. Therefore, we believe that the higher ionic radius
of Gd3+ ions is responsible for the observed lattice constant expansion and smoother
microstructure of CFGO compounds.
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Figure 4.4: SEM images of CFGO compounds as a function of x. Images for pure and Gd
substituted CFO compounds are compared. Gd-substitution induced grain
coalescence and size reduction is evident in these images.
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The EDS measurements indicate that the grown CFGO materials are stoichiometric and
homogeneous with a uniform distribution. The characteristic X-ray peaks of Co, Fe, G, and O
atoms are evident in EDS of CoFe2-xGdxO4 (x=0.0-0.4) shown in Fig. 4.5. The EDS spectra of
representative samples are shown in Figs. 4.5a-c. The EDS measurements can be used to
qualitatively discuss the chemical quality of CoFe2-xGdxO4. The lines identified are O Kα, Fe Kα,
Co Kα, Gd Lα, and Gd Mα at their respective energy positions, indicating that the X-rays are due
to Co, Fe, G, and O, as shown in Figs. 4.5a-c. The most intense peak and its intensity variation
for gadolinium (Gd Lα) is as shown in Fig. 4.5d as a function of Gd content (x). The observed
trend for Gd Lα indicates that Gd content increases in the samples as expected based on synthesis
conditions.
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Figure 4.5: EDS data of CFGO compounds as a function of x. (a) The EDS spectrum of pure
CFO; (b) EDS spectrum of Gd-substituted CFO for x=0.2; (c) EDS spectrum of
CFGO compound with highest Gd concentration (x=0.4); (d) The most intense Gdpeak region as a function of x. In all these EDS spectra, the peaks due to various
elements and their respective energy positions are as indicated. Gd-incorporation
into CFO is evident from Gd-peak evolution.
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The elemental mapping images of CFGO compounds are shown in Fig. 4.6. The images
are labeled as Co K, Fe K, Gd L, O K for variable Gd composition (x). It is evident from these
images that the CFGO materials are homogeneous in terms of distribution of Co, Fe, Gd, and O
atoms across the grain interior and grain boundaries. The images also confirm the increasing
amount of Gd in the samples. X-rays emit from Co, Fe, and O at the same location and region
indicating the chemical homogeneity. However, it can be noted that with increasing Gd content,
the mapping analysis indicates that Gd atoms are concentrated in regions of the grain boundaries.
This could be due to the fact that at higher concentration of Gd, a two-phase or composite
formation may be taking place. Specifically, the primary ferrite phase is surrounded by the the
secondary, insulating Gd2O3 phase. While XRD results also suggest the formation minor
secondary phase, a more definite evidence for such two-layer heterogeneous system formation
was provided by the dielectric, ac electrical conduction and impedance measurements as
discussed below.
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Figure 4.6: Elemental mapping images of CFGO compounds as a function of x. The data
indicates the chemical homogeneity of the samples.
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Table 4.2: EDS data of elements in atomic percentages (at%).
Dopant, x

OK (at%)

FeK (at%)

GdL (at%)

CoK (at%)

0

37.53

40.48

0

22.00

0.1

38.07

48.08

6.14

15.01

0.2

42.68

38.29

8.49

10.55

0.3

40.94

38.43

9.37

11.27

0.4

44.66

33.62

11.30

10.41

Table 4.3: EDS Spectrum of different element in different CFGO compositions.
Dopant,

Net Intensity (a.u.)

x

OK

FeK

GdL

CoK

0

793.47

905.18

0

404.69

0.1

109.87

265.57

43.87

84.53

0.2

135.97

282.88

68.62

67.47

0.3

130.96

291.01

77.61

73.90

0.4

141.42

261.32

96.14

70.17
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4.3

DIELECTRIC CONSTANT
The frequency dependence of the real part of dielectric constant (ε') of CFGO compounds

measured at room temperature in the frequency range of 20 Hz – 1 MHz is shown Fig. 4.7. It is
evident (Fig. 4.7) that ε' initially decreases sharply with increasing frequency (up to 1 kHz). At
higher frequencies, ε' decreases slowly and becomes almost constant (up to 1 MHz). It is due to
the fact that the species contributing the polarizability are lagging behind the applied field at
higher frequency. The variation of dielectric constant with the frequency reveals the dispersion
due to Maxwell-Wagner [49, 50] type polarization which is in agreement with Koop's
Phenomenological theory [51].
The frequency dependence of ε' for CFGO is the characteristic of the usual dielectric
dispersion. The ε' dispersion observed for CFGO (Fig. 4.7) can be explained based on the
contributions from various sources of polarizations [52]. The larger value of ε' at lower
frequencies is mainly due to the contributions from polarizations of ionic, space charge/interface
and grain boundaries. The decrease orientation polarizability with increasing frequency may be
responsible for the decrease in ε' at higher frequencies. Since more than one ion (O2-, Fe3+, Co2+
and Gd3+ ions) contributes to the relaxation process, the data were fitted to the modified Debye’s
function that considers the possibility of more than one ion contributing to the relaxation. Using
this model, the observed dispersion of the dielectric constant can be modeled using the equation
[53]:









(4.5)

where '( ) is the complex permittivity, l- ∞ is the dielectric relaxation strength; l being the
static (low frequency permittivity) and ∞ is the permittivity at the high frequency limit.

is the

Debye average relaxation time, α is the spreading factor of the actual relaxation times about the
mean value, and the field’s angular frequency

is also expressed as

linear frequency of the applied field with a signal of 1 volt.
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with f being the

Figure 4.7: The variation of real part of the dielectric constant of CoFe2-xGdxO4 with frequency.
The data shown are for various compositions of Gd substitution. The dispersion
behavior in all these plots fits (solid lines) to the modified Debye’s function.
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Cole-Cole method was adopted to obtain the spreading factor α for CFO and CFGO
compounds. However, in our modified procedure, we have considered real part of dielectric
constant rather than the complex part of the dielectric constant and plotted the graph of ln [(l∞)/(ω- ∞)] versus ln f for all the compositions (x values) [54]. By performing a linear
regression and finding the slope of the lines, spreading factor ‘α’ has been calculated from the
plots (Fig. 4.8). The calculated values of spreading factor (α) and the relaxation time (τ) for the
samples are listed in Table 4.2. After obtaining these estimated values of τ and α', the
experimentally measured room temperature frequency dependence of ε' is fitted with the model,
eqn. (1), and is as shown in Fig. 6. The experimental results and the calculated data were in good
agreement with each other (Fig. 6). This indicates the validity of the modified Debye's equation
with the possibility of more than one ion contributing to the relaxation process.
Table 4.2: The calculated values of spreading factor (α) and the relaxation time (τ) for the
samples.
Amount of Dopant

Spreading factor

Relaxation time

x

α

τ (sec)

0

0.4951

0.000852

0.10

0.4470

0.000733

0.20

0.2729

0.000793

0.30

0.2441

0.000765

0.40

0.6161

0.00184
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Figure 4.8:

Plots of lne[('0 - ') / (' - '1MHz)] with lne(f). The spreading factor is calculated
from the slope of the linear plots.
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The temperature dependence of ε' for CFGO compounds is shown in Fig. 4.9 as a
function of frequency. The data shown are (Fig. 4.9) for a set of four selected frequencies - 1
kHz, 10 kHz, 100 kHz, and 1 MHz. For pure CFO, ε' indicates the two dielectric relaxations in
the frequency range of 1-10 kHz while CFGO compounds exhibit only single relaxation at 1
kHz. However, only single dielectric relaxation is noted for pure CFO at higher frequencies (100
kHz - 1 MHz). Interestingly for Gd doped CFO compounds dielectric constant increases
monotonically with temperature in the frequency range of 10 kHz – 1 MHz and relaxation
behavior has not been noticed.
The two dielectric relaxation observed in pure Co ferrite are due to conduction in ferrite
grains and grain boundaries. However, with progressive substitution of Gd, only one type of
relaxation is noted. This is due to the fact that Gd substitution results in the reduction of charge
carriers, strong lattice-charge carrier interaction, and formation of highly insulating grain
boundaries. With the depletion of charge carriers, the only contribution for dielectric relaxation
is due to space charge polarization at the grain boundaries which occurs with increasing
temperature. The dielectric relaxation mechanisms of ceramic materials are very sensitive to
factors such as microstructure, defects, temperature, electric field, ionic substitution, grain and
grain boundary volume etc. For instance, similar phenomena was observed in rare earth
substituted Cu-Zn ferrite and Mn substituted Co ferrite [54, 55]. Similarly, lanthanum-doped
barium strontium titanate glass ceramics two dielectric relaxation is observed due to charge
carrier contributed to interfacial polarization at low temperatures and thermally activated oxygen
vacancies at higher temperatures [56]. The increased bond length in Gd3+ doped Co ferrites is
evident from structural studies. Therefore, compared to pure Co ferrite, the inclusion of larger
Gd3+ ions leads to an increase in inter ionic distance, which in turn increases the hopping
distance. This causes the mean relaxation time and spreading factor to increase (Table 4.2) in
Gd3+ doped Co ferrites.
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At higher temperature, the charge carrier mobility and the rate of hopping increases due
to thermal energy while below certain temperature the energy is not adequate to enhance the rate
of hopping. Dielectric polarization, therefore, increases at higher T causing ε' to increase.
At lower frequency, the large values of dielectric constant are mainly due to presence for
all types of polarizations i.e., Pe, Pi, Pd, and Psc where subscript indicate electronic, ionic, dipolar
and space charge contribution respectively. With increasing frequency polarization decreases
and reaches a constant value because beyond a certain frequency of external field the electron
hopping cannot follow the alternating current which explains why ε' becomes almost constant at
1 MHz (Fig. 4.10). This type of polarization mechanism has been discussed by Sarah and
Suryanarayana [57].
A shift in dielectric maxima towards higher temperature with increasing frequency (100
kHz – 1 MHz) has been noticed (Fig. 4.9). It is well known that when charge carriers are not able
to align with the fast changing field results a decrease in polarization [52]. Consequently higher
energy i.e., higher temperature is needed to restore polarization. As a matter of fact dielectric
maxima lean towards higher temperature as the frequency increases as shown in Fig. 4.9. The
compositional dependence of dielectric constant are shown in Fig. 4.10. It is evident these
images that ε' increase with the temperature but for the higher frequency (1 MHz) ε' decreases
and become constant as mentioned and explained earlier.
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Figure 4.9: Variation of the real part of dielectric constant (') for CFGO (x=0.0-0.4) with
temperature. The data obtained as a function of frequency are shown. The dielectric
constant is independent of temperature up to ~550 oC, at which point '
monotonically increases with further increase in temperature for all frequencies.
Also, it can be noted that the dielectric maxima shift towards higher temperatures
with increasing frequency.
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Figure 4.10: The temperature dependence of the dielectric constant '(T) of CFGO compounds.
The data shown is the temperature dependence of the dielectric constant '(T) of
pure and Gd substituted CFO at different frequencies. It is evident that '(T)n
increases as Gd content in the sample increases.
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Figure 4.11 shows the variation of the imaginary part of dielectric constant (ε") for
CFGO materials with temperature. The data obtained as a function of frequency are shown. The
ε" value is higher for pure CFO and decreases as the Gd amount increases. The lowest value is
observed for x=0.4 at any applied frequency. As discussed earlier, at higher temperatures, the
charge carrier mobility and hopping rate increases due to thermal energy supplied by
temperature. But the lower temperature is not adequate to enhance the rate of hopping. Hence
dielectric polarization, therefore, increase at higher T causing ε" to increase.
The most remarkable feature of the work on Gd substitution in CFO is dielectric constant
enhancement of the ceramics. Increase in the dielectric constant of CFGO compounds compared
to pure CFO can be explained as follows. The Gd3+ incorporation into Co ferrite results in the
lattice distortion. The evidence for such distortion is evident in XRD studies, where Gd-induced
lattice expansion is significant. The origin comes from the increased Fe (Gd) – O bond lengths at
B site, which are responsible for the observed lattice expansion, giving rise to increase in the
atomic polarizability subsequently the dielectric constant. In addition to that, formation of small
amounts of the respective GdFeO3 phase at the grain boundaries, leads to the accumulation of
charges at the grain boundaries resulting the interfacial polarization, which contributes to the
additional increase in dielectric constant. Enhanced dielectric constant and electrical resistivity
was also reported for Sm3+ incorporated Ni ferrite, Ho3+ incorporated Ni ferrite and La3+
incorporated Co ferrite [6, 53, 58]. In all these cases, the interionic distance increases in the
respective Ni or Co ferrite due to inclusion of the rare-earth (R3+) ion. Therefore, based on the
results of the present work on Gd incorporated CFO and analysis of other reports in literature for
rare-earth (R3+) ion, it appears that the increased interionic distance coupled with the formation
of a small amount of RFeO3 phase at the grain boundaries accounts for the enhanced dielectric
constant of R-incorporated CFO compounds.
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The mechanism behind the observed trend temperature dependence of dielectric constant
and reason for higher temperature (550 oC) required for CFGO compounds to see increase in ε'
can be explained as follows. In ferrites, the mechanism of electric conduction and
dielectric polarization are similar [59, 60]. In the present case, hopping of electrons between Fe2+
and Fe3+ ions give local displacement of electrons in the direction of applied electric field, which
produces polarization. In ferrites, the rotation of Fe3+-Fe2+ dipoles may be assumed as the
hopping of electrons between the ions so that the dipoles align themselves along the applied
electric field and this result in orientational polarization. However, as noted in various other
measurements, the Gd substitution results in reduction of active Fe3+ ions at B site formation of
insulating grain boundaries. As a result, there is no polarization occurs until a certain temperature
is reached so as to facilitate the space charge polarization. Therefore, more or less constant
and/or the slow variation of the dielectric constant with temperature until a certain temperature
limit is reached may be due to space charge polarization. Moreover due to strong lattice-electron
interaction, the charge carriers are not free to move but are trapped causing a polarization. This
effect is pronounced due to interionic distance enhancement in the ceramics due to larger Gd
ions substituted in the lattice. By increasing temperature, the number of charge carriers increases
exponentially and thus produce further space charge polarization and hence leads to a rapid
increase in ε′. Our results are in good agreement with several reports in the literature [55]
although the exact temperature beyond which the dielectric constant increases is different for
different type of ferrites and ions that substitute Fe ions. For instance, Gd substituted Cu-Zn
ferrites also exhibited a similar temperature dependence. Similar behavior was also observed in
MgZnMn ferrites [61], Mn doped Co-ferrites [54] and Co–Zn ferrites [62].
The temperature dependent imaginary part of dielectric constant ε" (T) for CFGO
materials at a constant frequency are shown in Fig. 12. It is evident that εˊ(T) increases as Gd
content increases in the compounds.

45

Figure 4.11: Variation of the imaginary part of dielectric constant ε" (T) of CFGO compounds.
The data obtained as a function of frequency are shown. ε" value is higher for pure
CFO and decreases with increasing Gd content.
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Figure 4.12: The temperature dependence of the imaginary part of the dielectric constant of
CFGO compounds.
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4.4

DIELECTRIC LOSS
The energy loss is generally characterized by the dielectric loss factor (tan δ) and

expressed as tan δ = ε"/ε' , where the angle δ is the phase difference between applied electric
field and induced current. Dielectric losses arise if the polarization lags behind the applied
alternating field which may be caused by grain boundaries, impurities and imperfections in the
crystal [63]. The density of a material is also responsible for the variation in dielectric loss. Low
density which may be caused by high porosity results in low dielectric constant and higher
dielectric losses [63]. Figure 4.13 shows the variation of tan δ in CFGO compounds. The data
shown are for a specific composition with temperature and at various applied frequencies. It can
be seen that both temperature and frequency influence the behavior of tan δ curves. It can be
noted that tan δ tends to increase until it attains a maximum value as the temperature increases
[64]. Similar behavior was observed in the case of zinc substituted magnesium rich manganese
ferrites, Cu substituted Ni-Zn ferrite and also in rare earth substituted Cu–Zn ferrites [55, 61, 64].
The shift in loss tangent edge for x varying from 0.0 to 0.4 indicate that hopping
mechanism is operative in this process. The frequency of hopping is approximately equal to the
external applied electric ﬁeld frequency [65]. The hopping mechanism involves:
and

(4.6)

Similarly p-type charge transfer occurs between Co2+ and Co3+ ions shown in eqn 3 :
(4.7)
The condition for observing the maximum dielectric loss of a material is:
(4.8)
where

.

The relaxation time τ is related to the jumping probability per unit time "p" as:
(4.9)

48

The shift of peaks to higher temperature with increasing frequency indicates that the
jumping probability per unit time ‘P’ increases with increasing frequency. However, the
remarkable effect of Gd is manifested in the peak shift towards a lower temperature with
increasing Gd substitution. This observation clearly indicates a decrease in the jumping
probability per unit time as Gd3+ content in CFGO compound increases. The decrease in jumping
probability is accredited to a reduction of iron ions at the B-site, which is responsible for
polarization in these ferrites [66]. With the increasing frequency the peaks shift towards the
higher temperature while they shift towards a lower temperature with the increasing as Gd
content (Fig. 4.13). It is observed that tan δ is higher with increasing Gd content and frequency
(Fig. 4.14).
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Figure 4.13: Variation of tan  with temperature at various frequencies. The data shown are for
different compositions of CFGO compounds. It can be seen that the dielectric loss
decreases with increasing frequency for all CFGO compounds. The data exhibits
well-defined resonance relaxation peaks for all the compositions. Also, the peak
position of the relaxation maxima shifts towards higher temperature side with
increasing frequency.
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Figure 4.14: Comparison of tan  variation in CFGO compounds with temperature at various
frequencies.
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4.4

AC RESISTIVITY
Figure 4.15 presents variation of AC resistivity with temperature for the CFGO samples

at various frequencies. The resistivity initially increases up to 230 °C then decreases thereafter. It
is observed that resistivity peak decreases with the increasing frequency. This type of difference
in resistivity values with temperature for the different frequencies indicates the resistivity has
strong frequency dependency. The resistivity profiles for all frequencies merge onto a common
value as temperature rises. This observed behavior of ac resistivity at higher temperature is
indicative that electrical conduction in these samples is a thermally activated process governed
by the release of space charge. A worth mentioning observation is that for various Gd contents in
CoFe2-xGdxO4, the resistivity decreases with increasing temperature while the dielectric constant
(ε') increases with increasing temperature suggesting that the dielectric constant is roughly
inversely proportional to the resistivity (Fig. 4.15 and 4.16) and as expected matches with the
literature. Another noteworthy comparison is ac resistivity increases up to x = 0.2 thereafter it
starts to decrease for all the frequency (Fig 4.16).
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Figure 4.15: Variation of AC resistivity with temperature for CoFe2-xGdxO4 (x=0.00-0.40)
samples at various frequencies.
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Figure 4.16:Variation of AC resistivity for different composition at a certain frequency with
temperature for CoFe2-xGdxO4 (x=0.00-0.40).
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4.4

AC CONDUCTIVITY
The frequency dependent ac electrical conductivity (σac) for CoFe2-xGdxO4 (x=0.00-0.40)

compounds measured at room temperature is shown in Fig. 4.17. It is evident that the
conductivity increases with increasing frequency. The frequency dependent ac electrical
conductivity of ferrites is generally accepted due to electron hopping between Fe2+ and Fe3+ ions
on the octahedral sites. In the present case, the observed increase in σac with increasing frequency
can be attributed to the increased hopping rate with increasing frequency. It is also evident that
the frequency dependent ac electrical conductivity characteristics of CFGO are markedly
dependent on the Gd content in the ceramics. The conductivity increase with increasing Gd (x)
content is evident in all of the electrical conductivity characteristics as a function of frequency.
However the highest conductivity was found for x=0.3, which may be related to the partial
substitution of Gd and secondary phase formation. The secondary phase, similar to several Rincorporated Co and Ni ferrites, is due to GdFeO3. Note that RFeO3 (R=rare earth ion) formation
as a secondary phase is common in these ferrites [6, 45, 53, 58]. To further understand the
mechanism and hopping of charge carriers responsible for overall electrical conduction in CFGO
materials, the variation of σ
the variation of

σ

σ
σ

as a function of frequency is calculated. Figure 4.18 shows

with

for CFGO materials prepared with variable Gd

concentration. It is evident that all of the CFGO compounds exhibit the linear dependence. The
importance of this characteristic feature in CFGO materials can be understood as follows. The
frequency dependent electrical conduction due to small polarons follows the relation [67, 68]:

(4.10)
where

is angular frequency and τ is relaxation time. Therefore, for

versus

, the

should yield linear plots if the conduction occurs due to small polar hopping

in localized states. It can be noted that the plots obtained in Fig. 4.18 exhibit linear behavior for
all x values. This observation clearly supports the fact that the conduction mechanism in CFGO
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materials is based on the small polaron hopping among the localized sites. Such electrical
conduction mechanism, where charge carriers hopping in localized states, was also noted and
reported for Zn-doped Ni-ferrite and Cr-doped Cu-ferrites [69, 70].
The structure, electrical and dielectric properties of cobalt ferrite (CFO) are dependent on
microstructure and chemistry, which in turn depend on the synthesis processes and conditions
employed for fabrication. Generally, exact chemical composition, ﬁring/sintering temperature,
reactive or processing atmosphere, microstructure in terms of grain size and grain boundaries,
and the ions that substitute Fe3+/Fe2+ ions dictate the electrical properties of a Co ferrite. In the
present case of CFGO compounds, the effect of Gd incorporation is remarkable in terms of
elevating electrical resistivity and activation energy. The enhanced electrical resistivity and
activation energy of CFGO compounds compared to CFO can be attributed to the three important
factors. The first most significant one is the reduction of active Fe3+ ions (at the B site) by Gd
substitution. Electron hopping between Fe3+ and Fe2+ ions (

) is the primary

mechanism by which electrical conduction occurs in ferrites. Partial substitution of Gd ions (for
initial concentration) induce reduction in Fe3+ ions which decreases the rate of hopping and
hence conductivity i.e., increases resistivity of the compound. Second factor that contributes
toward resistivity enhancement in CFGO compounds is the microstructure variation with
increasing Gd-content as seen in SEM analyses. Specifically, increasing Gd-content induces
grain size reduction and formation of insulating secondary phase at the grain boundaries. XRD
studies confirm the formation of secondary phase, which is due to Gd ions at the grain
boundaries. It must be noted that smaller the grain size, the more the number of grain boundaries
as is clearly seen for increasing Gd content in CFGO compounds. Thus, the bulk of the resistivity
is contributed by the insulating grain boundaries. The third factor is strong charge localization
leading to small polaron formation and hopping in CFGO. It is well known that charge
localization with strong lattice distortion can occur due to the lattice-distortion due to a strong
electron-lattice interaction, i.e., small polaron formation. Small polaron formation allows the
charge carriers to locally distort the lattice around it, subsequently trapping itself in the resulting
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potential well. As a result enhancement in electrical resistivity and activation energy was
observed. It has been reported that, in intrinsic and substituted ferrites, resistivity and activation
energy exhibit a direct relationship; low resistivity sample always exhibit low activation energy
and vice versa [71, 72]. Also, resistivity increase has been reported for ferrites doped with rare
earth ion [52, 60]. Furthermore, the temperature dependent electrical properties of CFGO
compounds confirm the polaron hopping. At lower temperatures, the highly resistive grain
boundaries as well as interior of the grains impede the charge mobility and makes it difficult for
electron hopping. Increasing temperature decreases grain boundary scattering and increases the
drift mobility of the thermally activated charge carriers. Thermally activated charge carrier
hopping conduction mechanism, thus, accounts for the observed increase in electrical
conductivity at higher temperatures.

Figure 4.17: The frequency dispersion of room-temperature ac conductivity of pure CFO and
Gd- substituted CFO samples. The conductivity change is not significant at lower
frequencies while increasing trend can be noted at higher frequency for all
compositions.
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Figure 4.18:

versus
plots for CoFe2-xGdxO4 (x=0.00-0.40). The linear
plots suggests the validaity of small polaron hopping mechanism in CFGO
materials.

The temperature variation of electrical conductivity of pure and Gd substituted CFO
compounds is shown in Fig. 4.19. The room-temperature electrical conductivity of CFGO
decreases with increasing concentration of Gd ions. Such behavior along with the characteristic
of electrical conductivity decrease with RE-ion substitution was also noted in Sm3+ and Ho3+ ion
substituted nickel ferrite [53]. It can be seen in Fig. 4.19 that the electrical conductivity of CFGO
increases with increasing temperature. The temperature dependent conductivity in ferrites is due
to both hopping of electrons and charge transport via excited states which can be expressed as
[73]:

=

(4.11)
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where

is a constant,

is the activation energy,

is Boltzmann’s constant, and T is the

absolute temperature. While the increase in conductivity with temperature indicates the
semiconducting behavior of the ceramics, the activation energy can be calculated using the
temperature dependent electrical data at a given or constant frequency. Arrhenius plot and
procedure to obtain the activation energy is outlined for a representative sample in Fig. 16. The
line represent the linear fit of the data. While the activation energy of pure cobalt ferrite (~0.5
eV) agrees well with the literature [74], the data for Gd-substitution is not available at this time
for comparison. The calculated activation energy for CFGO ranges from 0.564 to 0.668 eV.
However, it should be noted that the activation energy in these ferrite materials are very sensitive
to the impurities, their crystal qualities [73]. A noteworthy observation is that the ΔEa≥0.5 eV,
which also suggests that the proposed charge hopping conduction mechanism is valid in these
CFGO materials. Activation energy values of the same order have been reported and attributed to
the charge hopping mechanism in Sm3+ and Ho3+ ion substituted nickel ferrites and Cr-based
ferrite composites [75].
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Figure 4.19: Temperature dependence of ac conductivity for CoFe2-xGdxO4 ferrites. The
activation energy is calculated from the slope of linear regression analysis of the
Arrhenius plots as indicated for a representative sample (x=0.4).

Table 4.4: The calculated values of activation energy for the samples.
Amount of Dopant

Activation Energy

x

Ea (eV)

0

0.564

0.10

0.589

0.20

0.606

0.30

0.612

0.40

0.668
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Finally, based on the observations made from structural characterization, electrical
conduction and dielectric studies, the Gd-substitution induced effect on CFO can be modelled
from microstructure and heterogeneity perspective. A simple two-layer or heterogeneous model
(Fig. 20) can be formulated to account for the frequency and temperature dependent electrical
conduction mechanism in CFGO materials. Formation of grain-interior and grain-boundary in
CFGO can be treated as a heterogeneous system as schematically presented in Fig. 20. The
CFGO grain-interior is fairly well conducting; however, the conducting grains are separated by a
thin layer of poorly conducting grain boundary. Evidence for the physical model shown in Fig.
20 can be derived mainly from XRD and elemental mapping analyses. Such a two-layer model
can account well for the observed frequency dependent electrical characteristics of CFGO as
follows. The CFGO grain boundaries are more active at lower frequencies. As a result, at lower
frequencies, the electron hopping frequency between the metal ions of variable valence states is
less. Therefore, the observed conductivity of the materials at lower frequency is less. However,
as the frequency of the applied field increases, the conductive CFGO grains (interior) become
more active. These active grains promote electron hopping between the same metal ions of
variable valence state and, thereby, increases the hopping frequency. As a result, the electrical
conductivity increases gradually with increasing frequency. This is clearly seen in frequency
dependent electrical characteristics (Fig. 16) of CFGO materials. Similarly, the effect of
temperature on the electrical properties of CFGO can be also understood from this two-layer
model. At lower temperatures, the highly resistive grain boundaries as well as interior of the
grains impede the charge mobility and makes it difficult for electron hopping. Increasing
temperature decreases grain boundary scattering and increases the drift mobility of the thermally
activated charge carriers. Thermally activated charge carrier hopping conduction mechanism,
thus, accounts for the observed increase in electrical conductivity at higher temperatures [75].
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Figure 4.20: Schematic representation of two-layer heterogeneous model.
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4.5

COMPLEX IMPEDANCE
Impedance spectroscopy is an important method to describe the electrical properties of

polycrystalline electro-ceramics. Impedance spectroscopy provides information about the
resistive (real part) and reactive (imaginary part) components of a material. It is assumed that a
ferrite materials consist of piled up crystalline plate. From the micro structural point of view it is
assumed that, a sample as a microstructure are made up of parallel conducting plates (grains)
separated by resistive plates (grain boundaries) [76].
Impedance spectroscopic data of CFGO compounds are presented in Figs. 20 and 21. The
variation of real part of impedance Z' with frequency is shown Fig. 20 for different
temperatures.. The decrease in the value of Z' with increasing frequency shows that the
conductivity of the materials increases with increases with increasing frequency. This is due to
the increase in hopping of electrons between the localized ions. The resistivity of the sample
decreases with increasing temperature.
The variation of imaginary part of impedance Z'' with frequency is shown in Fig. 4.21 as
a function of frequency. It can be noted that Z'' decreases with increasing frequency and
temperature. The broad Debye peaks in the plot indicates the existence of relaxation process in
the CFGO materials.
At lower frequencies the relaxation peaks in the imaginary part of complex impedance
may be due to the existence of the space-charge relaxation. This is also related to the charge
carriers in association with the oxygen vacancies. It is known phenomena that space charge
polarization mechanism dictates heterogeneous structures, where a material is composed of grain
and grain boundaries [58].
At lower temperature the conductivity is dominated by the short range hopping of charge
carriers. Due to the high mobility of oxygen vacancies in doped ferrites few oxygen vacancies
are trapped at the electrode interface which results in the formation of space charge polarization.
They can move easily in these vacancies when externally applied electric ﬁeld is applied which
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results in a little space charge effect at low temperatures. It is noted that Debye peaks are shifted
to the higher frequency side with increasing temperature.
These peaks are noticed when the jumping frequency of localized electrons becomes
approximately equal to the frequency of the externally applied ac electric ﬁeld. The shifting of
these peaks towards higher frequency region indicates the increase in the rate of hopping of
charge carriers.

Figure 4.21: The variation of real part of impedance Z' with frequency for selected temperatures.
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Figure 4.22: The variation of real part of impedance Z'' with frequency for selected temperatures.
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Impedance spectroscopic data can be represented by Nyquist plots, which are quite useful
to understand the electrical properties as a function of microstructure variation. The Nyquist
plots at various temperatures are shown in Fig. 4.23. Generally, two semicircles are observed in
this type of plot; first semicircle at low frequency represents the resistance of the grain boundary
and second semicircle is observed at high frequency which corresponds to the resistance of grain
or bulk properties. Generally, the impedance phenomena is related to the existence of a
distribution of relaxation time, which is according to the Cole–Cole type of distribution based on
two-layer model [58].
From the Fig. 4.23 It can be seen that, at 300 K, a single semicircular arc is present for
CFO samples i.e., without Gd incorporation. This is an indication that only the bulk of grains
contribute to the electrical conduction process at room temperature. Evolution of the impedance
spectra with temperature is quite interesting for CFO compounds as seen in Fig. 4.23. A new
semicircular arc in the Nyquist plots of the impedance with increasing temperature is an
indication of another type of conduction process with increasing temperature. The presence of
two semicircular arcs can be clearly noted at ~423 K. The other semicircular arc, which evolves
only with increasing temperature and totally absent at 300 K, is due to contribution from grain
boundary. The arc on the low-frequency side is due to the grain boundary conduction and that on
the high-frequency side is due to the grain conduction. Furthermore, with increasing temperature,
the systematic changes in the diameter of these semicircular arcs are evident. These changes are
a true indication of the relative contributions from grain resistance and grain boundary resistance
as indicated by the diameter of semicircular arcs. With increasing temperature, the diameter of
the semicircular arc related to grain boundary expands while that of the bulk of the grain
depresses. At higher temperatures only one semicircle is present indicating that the grain
boundary effects dominate the conduction process while the contribution from bulk of the grain
is totally absent.
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The impedance behavior of CFGO compounds is totally different compared to pure CFO.
The Nyquist plots of CFGO compounds with variable Gd content are shown in Fig. 4.23. The
data obtained at room temperature (300 K) are presented and compared. It can be noted that the
data for CFGO compounds no longer forms into a semicircular arc as seen for pure CFO.
Instead, the data now forms into straight line with a steep, positive slope, which is the
characteristic very high impedance. Specifically, this behavior is more pronounced at the initial
incorporation of Gd content (up to into x=0.2) CFO. Thus, the Gd substitution effect is
remarkable in elevating the impedance of CFO. However, further increase in Gd content beyond
x=0.2 slowly decreases the slope and induces a deviation from straight line behavior. For x=0.4,
the data still not fully forms the semicircular arc but somewhat approaches towards the shape.
The data shown are for CFGO compounds with a variable Gd content. Another
semicircular arc evolves with increasing temperature. Grain and grain boundary conduction
mechanisms are, thus, operative at intermediate temperatures. At higher temperatures, only one
semicircle is present indicating that the grain boundary effects dominate the conduction process
whereas the contribution from the bulk of the grain is totally absent. Such behavior was also
noticed in Hf and Mn doped CFO [54, 77]. However, the data exhibits somewhat irregular,
distorted semicircular arc shapes. Perhaps, variation in grain size distribution, grain boundary
stress strain, defects and volume fraction of the components could be the factors contributing to
such behavior. Another reason for the observation of distorted semicircular arc can be attributed
due to the fact that the atomic arrangement at the grain and grain-boundary is disordered,
resulting in a serious increase in electron scattering [58].
To further analyze the data and model for conduction mechanism, the impedance data are
modeled by an ideal equivalent electrical circuit comprising of resistance (R) and capacitance
(C). Polycrystalline materials typically show inter granular or grain boundary impedances, which
can be represented by the equivalent circuit as shown in Fig. 4.22. The circuits consists of a
series array of two sub circuits; one represents grain effects and another presents contribution of
grain boundaries.
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Each sub circuit is composed of a resistor and capacitor connected in parallel. Let Rg, Rgb
and Cg, Cgb are the resistance and capacitance of the respective grain and grain boundaries, then
the impedance Z* for the equivalent circuit can be presented as:

(4.12)

(4.13)

(4.14)

Figure 4.23: Equivalent circuits used to represents the electrical properties. (a) Grain effect only
(b) grain and grain boundary effects; (c) grain boundary effects.
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The resistance value for the grain (Rg) at a given temperature is equal to the intercept of
the corresponding semicircle with the x-axis. The capacitance (Cg) is related to a grain can be
calculated using Rg and the frequency of maxima (fmax) of the semicircle from the equation:
(4.15)
It is noted that the values of Rgb, Cgb are higher than Rg, Cg. The maxima of the peak of
the Nyquist plot for all samples decrease with increasing temperature. The apex frequency shifts
to higher values with the increasing temperature. No other relaxation mechanism such as
electrode effect and ionic species diffusion has been noticed for analyzed frequency range at
relatively low temperatures. The diameter of the semicircles decreases with increasing
temperatures which is an indicative of electrical conduction. The semicircle in the higher
frequency region is attributed to the grain conduction of the materials which occurs due parallel
combination of the grain resistance Rg and grain capacitance Cg of the material. The semicircle in
the lower frequency region is attributed to the grain boundary conduction which occurs due
parallel combination of the grain boundary resistance Rgb and grain boundary capacitance Cgb of
the material. The calculated values of Rg, Rgb and Cg, Cgb are presented in Table 4.5. It can be
noted that lower total resistance at higher temperature indicates increased rate of electron
hopping, which is considered as a process for both conduction and polarization in ferrites. The
higher grain boundary the total higher resistance, which arises from other factors such as a
decrease in Fe2+ ion content in the region. Substitution of small amounts of Gd3+ ions for Fe3+
ions in B site increases the inter-ionic distances and distorts the lattice due to larger ionic size of
Gd3+ compared to that of Fe3+ leading to additional scattering and causing increase of resistivity.
In addition, formation of small amount of secondary phase (GdFeO3) at the grain boundaries
contributes to the increase in the electrical resistivity. From Table I we can see that capacitance
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(C) is totally temperature dependent. Capacitance is higher than R because it is inversely
proportional to R. Capacitance of grain boundary is larger than that of the grain, because the
capacitances are inversely proportional to the thickness of the media. As a result, the capacitance
is less for higher concentration of Gd samples compared to that of lower concentration of Gd.
The higher thickness of grain boundary a result of Gd substitution in pure CFO the higher is the
overall resistance of the compound.
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Figure 4.24: The complex impedance plot for CFGO materials.
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Table 4.5 : Grain and grain boundary contribution of the compositions.
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Chapter 5: Conclusions
Gadolinium (Gd) substituted cobalt ferrite ceramics were synthesized by solid state
reaction method by varying Gd concentration from 0 to 40%. XRD analysis indicates that CFGO
compounds crystallize in the inverse cubic spinel phase with a considerable lattice expansion due
to larger ionic radius of Gd compared to that of Fe. The modified Debye model was able to
account for the dielectric properties of CFGO compounds. Relaxation time and spreading factor
determined for CFGO compounds are

10-4 seconds and

0.244-0.616, respectively. The

dielectric constant is independent up to ~550 °C. The CFGO compounds exhibit a shift in
dielectric maxima towards higher temperature with increasing frequency (100 kHz – 1 MHz).
The temperature dependent dielectric constant, energy loss, ac electrical resistivity and
conductivity analyses indicate that there exist an overall correlation and microstructure effect.
The effect of Gd-substitution is significant on the electrical properties of CFGO compounds. At
any given frequency, the electrical conductivity decreases with increasing Gd concentration.
Thermally activated small polaron hopping mechanism is evident in temperature dependent
electrical properties of CFGO. The activation energy for CFGO ranges from 0.564 to 0.668 eV.
The effect of Gd-substitution in CFO is remarkable on the resistivity and, hence, activation
energy; both increases with increasing Gd content. A two-layer heterogeneous model consisting
of semiconducting grains separated by insulating grain boundaries was able to account for the
observed temperature and frequency dependent electrical properties of CFGO ceramics.
Impedance spectroscopy analysis was performed under a wide range of frequency and
temperature. The real part (Z´) and imaginary part (Z″) of the impedance decreases with
increasing frequency. Impedance exhibits broad Debye peaks which confirms the existence of
relaxation processes in CFGO materials. The bulk grain, and grain-boundary contributions to the
electrical resistivity and capacitance were studied through impedance analysis with a parallel
resistance (R) and capacitance (C) circuit. The analysis confirms that impedance properties
improve with Gd substitution in Co ferrite. The temperature dependent ac electrical resistivity
73

and impedance spectroscopy analyses indicate that there exist an overall correlation and
microstructure effect.
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Chapter 6: Future Work
Cobalt ferrite is a potential material for stress sensor applications. In order to design and
develop such sensors, additional measurements such as sensitivity analysis, measure curie
temperature and characterize magnetic and magnetostriction properties are needed and quite
important. Based on this data presented in this thesis, it is suggested that the sensors can be
fabricated and tested. Performance driven optimum composition to build an ideal stress sensor
can be mapped. It is also suggested that the effect of sintering condition and of the substitution
levels can also be tested in order to produce magnetostrictive cobalt ferrites for dedicated sensors
and actuator applications.
\
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